2 ). Thus, on average, the dendritic territories of these two neuronal classes sample a larger proportion of the cross-sectional area of the barrels in the ALBSF than in the PMBSF. We conclude that the close relationship between basal dendritic field area of supragranular pyramidal neurons and module size, reported in studies of other sensory areas, is not evident in all barrel subfields of the rat.
Layer IV of the primary somatosensory cortex (SI) of various rodents contains distinct modules called barrels (Woolsey and Van Der Loos, 1970; Welker, 1971 Welker, , 1976 . The barrels are topographically organized into subfields including the postero-medial barrel subfield (PMBSF: Woolsey and Van Der Loos, 1970) and the antero-lateral barrel subfield (ALBSF: Welker, 1976) . Neurons in the barrels of the PMBSF are primarily responsive to stimulation of the principal mystacial vibrissa on the contralateral snout (Woolsey and Van Der Loos, 1970; Welker, 1971; Simons and Woolsey, 1979) , whereas neurons in the barrels of the antero-lateral barrel subfield are responsive to stimulation of many contralateral rostral snout and buccal vibrissae (Welker, 1976; Nussbaumer and Van Der Loos, 1985) . Barrels are cell dense [for comparison between rats and mice see Welker and Woolsey (1974)] and are separated by cell sparse regions of cortex, called septa. Despite the substantial difference in cross-sectional area of the barrels between the different barrel subfields (Riddle and Purves, 1995) , thalamocortical afferent projections conform to the topography, size and shape of the individual barrels (Killackey, 1973; Killackey and Leshin, 1975; Keller et al., 1985; Jensen and Killackey, 1987) . Thus, by virtue of providing circumscribed, visually identifiable cortical modules of differing size, barrels are ideal models for addressing issues of cortical modular organization such as areal relationships between axonal arborizations and dendritic territories of recipient neurons.
The aims of the present study were twofold: firstly, to compare neuronal composition between the PMBSF and the ALBSF based on a random sample of neurons injected with Lucifer Yellow, and secondly, to compare tangential dendritic field areas of specific neuronal types (e.g. pyramidal and spiny multipolar cells) between the two barrel subfields. These aims were achieved by examining neurons injected with Lucifer Yellow in fixed cortical slices (Elston et al., 1996; Elston and Rosa, 1997) .
Materials and Methods

Tissue Preparation and Cell Injection
A total of 11 adult Wistar rats were used during the course of this study. Anaesthesia was by i.p. injection of sodium pentobarbitone (85 mg/kg). Once anaesthetized, the animal was transcardially perfused with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2). The cortex was f lattened between two glass slides (e.g. Welker and Woolsey, 1974) , weighted and left overnight in 4% paraformaldehyde (in 0.1 M phosphate buffer; 4°C). Sections (150 µm) were cut parallel to the cortical surface on a Vibratome (Series 1000). By viewing the sections under oblique illumination, the section that contained layer IV was easily identified by the presence of characteristic barrelfields, i.e. the myelindense septa have different diffractive properties to the myelin-sparse barrels (Fig. 1) .
A photograph was taken to enable the positioning of subsequently injected cells with blood vessels, the barrels and with aligning probe marks (Fig. 1) . The section was pre-labelled with 10-5 M 4,6-diamidino-2-phenylindole (DAPI) (Sigma D 9542). Under UV (341-343 nm) excitation, DAPI-labelled somata f luoresce brightly, enabling penetration of each cell under visual guidance. Micropipettes (250-300 MΩ) were filled with Lucifer Yellow (Sigma L 0259; 8% in 0.05 M Tris buffer). Injection of Lucifer Yellow was by continuous hyperpolarizing current (up to 100 nA for ∼5-10 s). Since Lucifer Yellow and DAPI can be visualized simultaneously under UV excitation it was possible to determine when the complete extent of the dendritic arborization of each neuron was filled. Upon initial application of the current the dendritic field of the cell appeared to 'grow'. A fter a period of time further application of current only ser ved to increase the concentration of Lucifer Yellow in the cell, while the extent of the visualized cell remained constant. Subsequent high power microscopy confirmed that neurons had been successfully filled, i.e. each dendrite could be traced to an abrupt distal tip rather than becoming intermittent or beaded (see Matsubara et al., 1996) .
Immunohistochemistry and Cell Analysis
The presence of Lucifer Yellow in neurons was revealed using an antibody (raised in rabbits by Dr D. V. Pow) at a concentration of 1:400 000 in stock solution [2% bovine serum albumin (Sigma A3425), 1% Triton X-100 (BDH 30632), 5% sucrose in 0.1 M phosphate buffer]. Immunocytochemistr y was carried out using standard methods (Pow and Clark, 1990 ). The primary antibody was detected either by a species-specific biotinylated secondary antibody (Amersham RPN 1004; 1:200 in stock solution for 2 h), or by anti-rabbit conjugated to FITC (Amersham N1034; 1:200 in stock solution for 2 h). In the former instance the tissue was processed in biotin-horseradish peroxidase complex (A mersham RPN1051; 1:200 in 0.1 M phosphate buffer) and labelling was revealed using 3,3′-diaminobenzidine (DA B) (Sigma D 8001; 1:200 in 0.1 M phosphate buffer) as a chromagen. This process resulted in a robust light-stable reaction product ( Fig. 4 ; see also Elston et al., 1996) and allowed for analysis by conventional light microscopy. The FITC-labelled neurons were identified and scanned using a BioRad MRC Reconstruction of neurons injected in a flattened cortical preparation in layer IV of the PMBSF. Outlines of barrels were determined by counterstaining for Nissl substance. Both spiny multipolar (hollow cell bodies) and spiny modified pyramidal neurons (solid cell bodies) are illustrated. In many instances neurons had dendrites that were restricted to the barrel in which their soma was located. However, many neurons had dendrites that passed freely into adjacent septa and, in some cases, into neighbouring barrels. Scale bar = 300 µm. 600 confocal facility coupled with a Zeiss Axioskop microscope. Individual neurons were imaged with 488 µm excitation and the BHS block (510 nm dichroic ref lector long pass, 515 nm emission filter long pass) using Kalman filtering (eight scans). A Z-series throughout the thickness of each cell was scanned at increments of 3.60 µm. The Z-series was then collapsed into one image and analysed with NIH-Image software.
Dendritic field areas were determined by tracing a hull around the outermost distal tips of the dendrites and calculating the area of the polygon (Elston and Rosa, 1997) . The location of each neuron was determined by either counterstaining for Nissl substance to reveal the barrels (Fig. 1) or by aligning injected cells with the probes and blood vessels and superimposing the photograph of the barrel template obtained under oblique illumination. Statistical analysis was performed with Statview SE software (Abacus concepts) for Macintosh. Mann-Whitney U-tests or t-tests were performed as appropriate.
Results
Over 400 neurons were injected, identified and localized in layer IV of rat somatosensory cortex. One hundred and seventy-one of these neurons were deemed to be completely filled, were contained within the section and were located in either the PMBSF or the ALBSF. These neurons were further categorized according to whether they were located within the barrels or the septa of the two barrel subfields.
Location and Morphology of Neuronal Types
The PMBSF was easily distinguished from the other barrel subfields by virtue of the characteristic topographic array of cell-dense barrels, f lanked by the smaller 'hollow' barrels of the ALBSF (Fig. 1) . The barrel subfields corresponding to the jaw, forelimb and hindlimb were located medial to, and were distinct from, the PMBSF and the ALBSF. Identification of the barrel subfields was possible in sections that were obliquely illuminated prior to, or counterstained for Nissl substance subsequent to, cell injection ( Fig. 1 ). Neurons were injected in a quasi random grid in the area of the section within the aligning probe marks in both the PMBSF and the ALBSF (Figs 2 and 3). As a result, the morphology of each neuron could be established unequivocally as each process could be traced along its entire length without interference from background labelling. By aligning the injected neurons with probes and blood vessels we were able to establish the location of each filled neuron with respect to the boundaries of the barrels and septa within each relevant barrel subfield (Figs 1-3 ). Drawings of the type shown in Figures 2 and 3 were made for all cases in which the DABreacted material was used and represent the 'raw' data for calculation of dendritic field areas.
Neurons in the somatosensory barrelfield of the rat were broadly classified into three groups: spiny, sparsely spiny and smooth (see Peters and Kaiserman-Abramof, 1970; Feldman and Peters, 1978) . Neurons were further divided into modified pyramidal, multipolar, bipolar and unipolar according to the number, distribution and branching pattern of their dendrites. Modified pyramidal cells and multipolar cells had at least three primary dendritic processes issuing from the soma. The overall number of dendrites found on these cells varied, as did the overall dendritic pattern. Modified pyramidal neurons were characterized by the presence of an apical dendrite that projected superficially and gave rise to densely spined 'daughter segments' (Simons and Woolsey, 1984) . Even in f lattened cortical sections the apical dendrite was easily identified (see fig.  3 in Elston et al., 1996) . The remainder of the dendrites of modified pyramidal cells projected radially in all directions (Fig.  4A-F) .
Modified pyramidal neurons have been described in both the rat (star pyramid; Simons and Woolsey, 1984) and the mouse (modified pyramidal cell; White, 1978) . Multipolar neurons had dendrites that radiated in all directions from the cell body, but lacked the apical dendrite characteristic of modified pyramidal cells. Bipolar cells had two dendrites issuing from the soma which traversed either radially of tangentially. Unipolar cells were distinguished by having one dendritic process issuing from the soma. Both bipolar and unipolar neurons have been described in rat barrel cortex (Simons and Woolsey, 1984) .
Proportions of Neuronal Types in Rat Somatosensory Cortex
Neuronal composition differed between the two barrel subfields. Spiny modified pyramidal neurons (Fig. 4A, C) comprised the most numerous cell type in the PMBSF, making up 73.1% of the total. Spiny multipolar neurons comprised a further 12.8% of neurons in the PMBSF (Fig. 5A) . The most abundant cell type in rat ALBSF was the spiny multipolar cell, comprising 40.9% of the total. Spiny modified pyramidal cells comprised a further 30.1% of neurons in the ALBSF (Fig. 5B) .
Further analysis of the individual barrelfields revealed that the barrels and the septa of the PMBSF contained similar proportions of spiny modified pyramidal cells and spiny multipolar cells (spiny modified pyramidal cells, 71 and 81.2%; spiny multipolar cells, 12.9 and 12.5% respectively; Fig. 6A, B) . Spiny multipolar cells comprised 36% of the total number of neurons injected in the barrels of the ALBSF, whilst in the septa they comprised 46.5% of the total. Spiny modified pyramidal neurons comprised 32% of neurons in the barrels of the ALBSF and 27.9% in the septa (Fig. 6C, D) . Smooth neurons comprised a heterogeneous group of varying cellular morphology (Fig. 4G-J) , including 2.6% of neurons in the PMBSF and 13% in the ALBSF (Fig. 6) . 
Dendritic Morphology of Modified Pyramidal and Spiny Multipolar Neurons
Dendritic morphology of modified pyramidal and spiny multipolar neurons varied both in overall size and arborization pattern. For example, in the PMBSF the tangential dendritic field area of modified pyramidal neurons varied from 0.74 × 10 4 mm 2 to 9.74 × 10 4 mm 2 and dendritic fields ranged from relatively symmetric to highly asymmetric (Fig. 2) . In the PMBSF some neurons located near the borders of the barrels had dendrites that seemingly ref lected away from these borders. On the other hand, many neurons located near the edge of the barrels had dendrites that passed freely into adjacent septa and, in some cases, into neighbouring barrels (Fig. 2) . In the ALBSF, by virtue of the size ratio of barrel areas and dendritic field areas, nearly allneurons had dendritic fields that extend across the borders of the barrels. Once again, some neurons showed dendritic bias in that they had asymmetric dendritic trees (Figs 3 and 7) . Furthermore, in the ALBSF some neurons whose somata were located in the septa had dendritic trees that arborized in a single barrel (Fig. 3) .
Statistical Analysis of Neuronal Dendritic Field Areas in
Rat PMBSF and ALBSF Tangential dendritic field areas were calculated for 103 modified pyramidal cells and 62 spiny multipolar neurons located within the PMBSF and the ALBSF (Table 1 ). This data set was derived from the 171 randomly injected cells, as well as a selection of spiny multipolar and modified pyramidal neurons specifically targeted in the PMBSF. There was no significant difference in dendritic field areas of spiny multipolar neurons between the barrels of the PMBSF and the ALBSF (skew = 1.62, U = 147, Z = -1.58, P = 0.12). Similarly, there was no significant difference in dendritic field area of spiny modified pyramidal cells (skew = 0.45) between the barrels of the PMBSF and the ALBSF (t = 0.34, P = 0.74).
Comparison between Neuronal Dendritic Field Area and Cross-Sectional Area of Barrels
Cross-sectional areas were calculated for 61 ALBSF and 40 PMBSF barrels from six cortical hemispheres in which injected neurons were analysed. There was a significant difference in barrel cross-sectional area between the two different barrelfields (P = 1.0 × 10 -4
). The mean PMBSF barrel area was approximately seven times larger than that in the ALBSF (mean ± SD: 20.5 × 10 4 and 2.94 × 10 4 µm 2 respectively).
Two-tailed unpaired t-tests were performed to establish whether there was a significant difference in dendritic field area of spiny multipolar neurons and spiny modified pyramidal neurons located in the ALBSF barrels and the cross-sectional area of the ALBSF barrels. There was no significant difference between dendritic field area of spiny multipolar neurons (n = 18; 2.88 ± 1.47 × 10 4 µm 2 ) and the area of the barrels in the ALBSF (t = 0.15, P = 0.88; Fig. 8A ). However, spiny modified pyramidal neurons (n = 16) had a significantly different (∼1.5×) dendritic field area (4.45 ± 1.81 × 10 4 µm 2 ) from the area of the barrels of the ALBSF (t = 3.52, P = 8.0 × 10 Overall these comparisons of the size of the barrels and the dendritic fields of the two most common neuronal types reveal that, despite the sevenfold difference in the size of the barrels, the dendritic fields do not vary. Thus, dendritic fields of cells in Figure 5 . Neuronal composition in (A) the posteromedial barrel subfield (PMBSF) and (B) the anterolateral barrel subfield (ALBSF) in layer IV rat somatosensory cortex as determined by quasi random intracellular injection of DAPI-labelled neurons. Abbreviations: spmp, spiny modified pyramidal cell; spm, spiny multipolar (stellate) cell; spbip, spiny bipolar cell; sspmp, sparsely spiny modified pyramidal cell; sspm, sparsely spiny multipolar (stellate) cell; sspbip, sparsely spiny bipolar cell; sspuni, sparsely spiny unipolar cell; smm, smooth multipolar cell; smmlob, smooth multipolar lobulated (beaded) cell; smbip, smooth bipolar cell.
the PMBSF sample an area 1/4 to 1/8 that of their barrels whereas cells in the ALBSF sample an area equivalent to, or slightly larger than, their barrels.
Discussion
Neuronal Composition in Rat PMBSF versus ALBSF and Comparison with Previous Studies
A variation in the neuronal composition was revealed within a single cortical layer (IV) between two topographic arrays of circumscribed cortical modules (barrels) in somatosensory cortex of the rat. Modified pyramidal cells were the most numerous neuronal type in the PMBSF (73.1%), whereas spiny multipolar (stellate) neurons were the most numerous in the ALBSF (40.9%). Whereas neuronal composition differed between the PMBSF and the ALBSF, it was similar between barrels and septa within each barrel subfield.
The relative percentages of neuronal subtypes in the PMBSF presented in this study differ markedly from those derived from Golgi-impregnated tissue. Using the Golgi-Cox method, Simons and Woolsey (1984) reported that class I star pyramids comprised 29.6% of all neurons in the PMBSF barrels, class I spiny stellate neurons comprised 40% and class II smooth neurons a further 30.4%. Our results show a much higher percentage of class I star pyramids (78.2%; spiny and sparsely spiny modified pyramidal neurons), relatively fewer class I spiny stellate neurons (17.9%; spiny and sparsely spiny multipolar neurons) and only a small percentage of class II smooth neurons (2.6%; smooth multipolar, neurogliaform, and lobulated neurons; Table 2 ).
The overall percentage of smooth neurons in layer IV barrel cortex (30.4%) presented by Simons and Woolsey (1984) was high in comparison with the percentage of GABAergic neurons (11.3 ± 1.9%) reported by Beaulieu (1993) , GAD positive cells (14%) reported by Lin and colleagues (1985) , and our findings. The inherent variability of Golgi impregnation may account for Figure 7 . Drawings of ALBSF neurons reveals the difference in both size and pattern of the basal dendritic fields. Some neurons had a highly asymmetric complement of basal dendrites (A, C), whereas others had a relatively symmetrical dendritic pattern (C, D). The differing size and pattern of dendritic fields were seen in both modified pyramidal neurons (A, B, D) and spiny multipolar neurons (C). Spines were present but not drawn. Scale bar = 100 µm. this difference. Alternatively, it may be argued that the results presented in our study are biased due to selectivity of the DAPI labelling, or of the injection paradigm. Thus we cautiously note the difference in neuronal composition in the barrels of the PMBSF as revealed by Golgi-impregnation and intracellular injection methods. Cobas et al. (1987) were able to distinguish between eight archetypes of labelled GA BAergic neurons in rodent barrel cortex (layers I-VI) in coronal sections. Accordingly, we found a great deal of morphological heterogeneity of smooth multipolar cells (Fig. 4G-J) . Previous studies have demonstrated that neurons that label for GABA (Chmielowska et al., 1986) and its associated enzyme glutamic acid decarboxylase (GAD; Lin et al., 1985) are predominantly found in the septa of the PMBSF. Due to the limited sample we were unable to demonstrate any smooth neurons in the septa of the PMBSF. However, we found that smooth neurons were less common in the barrels of the PMBSF than those of the ALBSF (3.2 and 14% respectively).
Dendritic Bias in Modified Pyramidal and Spiny Multipolar Neurons
As has been previously reported (Woolsey et al., 1975; Simons and Woolsey, 1984; Greenough and Chang, 1988) , many neurons in the PMBSF show a high degree of dendritic asymmetry, which apparently conforms to the barrel template. Our results support these findings: in both the PMBSF and the ALBSF many neurons had dendritic fields that appeared to avoid the septa or to be restricted to the barrel in which their cell body was located. However, we also demonstrated that many neurons had dendritic territories that were not inf luenced by the barrels. This was apparent in the PMBSF and, to a greater extent, in the ALBSF. In the latter the average barrel size approximated that of the average dendritic field area of spiny multipolar neurons. Thus, restriction of a spiny multipolar neuron's dendrites to a single barrel, or penetration into neighbouring barrels, was more obvious than in the PMBSF. Furthermore, modified pyramidal neurons had an average dendritic field area larger than the cross-sectional area of the ALBSF barrels in which they were found. The majority of modified pyramidal neurons had dendrites that crossed into neighbouring barrels (illustrated in Figs 2 and 3). Neurons with highly asymmetrical dendritic fields were not restricted to the PMBSF or ALBSF. Modified pyramidal and spiny multipolar neurons which had highly asymmetric dendritic fields were also found in the lower jaw representation, the forelimb and hindlimb representations and in SII.
Analysis of Dendritic Field Areas
No significant difference in dendritic field area was found between neurons located in the barrels of the PMBSF and the ALBSF, despite a sevenfold difference in the cross-sectional area of the barrels in the two barrel subfields. Thus, neurons in the smaller barrels of the ALBSF sample a greater proportion of the topographic input than do neurons in the larger PMBSF barrels. Similar disproportionate sampling is found between the barrels of the PMBSF in rats and mice: neurons in the PMBSF of mice sample a greater proportion of each barrel than PMBSF neurons in the rat (Simons and Woolsey, 1984) .
It has been suggested that the areal relationship between circumscribed axonal input and recipient dendritic field area determines a limit on neuronal connectional diversity, and that the correlation between the two in supragranular visual cortex provides a functional basis for modular organization (Malach, 1994) . In the trigeminal pathway of the rat the axonal projection from the receptor surface (facial vibrissae) to the cortex, via the brainstem and thalamus, is arranged into discrete topographic projections such that somatotopy is preserved at the level of the cortex (Killackey, 1973; Killackey and Leshin, 1975; Van der Loos, 1976; Belford and Killackey, 1979; Ivy and Killackey, 1982; Keller et al., 1985; Ma, 1991; Agmon et al., 1995) . Axonal arborization within the barrels forms a clustered termination pattern centred predominantly on a single barrel, and projects across the entire cross-sectional extent of each barrel, irrespective of size or shape (Jensen and Killackey, 1987) . Thus, by comparing the size of the barrels with the dendritic field areas of the neurons they contain, we essentially compared the ratio between clustered afferent cross-sectional area and that of presumptive recipient neurons. From the results it is clear that cross-sectional area of the barrels in the PMBSF is not correlated with that of either modified pyramidal or multipolar neurons contained within these barrels. Thus, maximal connectional diversity is not conferred in the barrels of the PMBSF (see Malach, 1994) . However, in the smaller barrels of the ALBSF, maximal connectional diversity may be achieved. The barrels of the PMBSF are thought to be a specialized cortical development, related to whisking behaviour (Vincent, 1912; Welker, 1964; Woolsey et al., 1975 ; but see Purves et al., 1992) . Thus, this analysis presents an apparent paradox in that the region of barrel cortex considered to be highly specialized, i.e. the PMBSF, appears to be wired for 'redundant' sampling.
The connectional properties of barrels in layer IV of rodent cortex differ from those in blobs in primate visual cortex (where maximal connectional diversity has been demonstrated). Whilst the supragranular layers in primate visual cortex receive direct projection from the thalamus (Florence and Casagrande, 1987; , by far most of its thalamic input is relayed via layer IV neurons (see Blasdel et al., 1985; Fitzpatrick et al., 1985; Yoshioka et al., 1994) . Furthermore, intrinsic axonal projections form patches in supragranular visual cortex (Rockland and Lund, 1983; Yoshioka et al., 1992; Amir et al., 1993; Lund et al., 1993; Fujita and Fujita, 1996) , and basal dendritic field areas of supragranular pyramidal neurons are correlated with the cross-sectional area of intrinsic patches (Lund et al., 1993) . This correlation has been reported in various sensory areas of the cat, macaque and tree shrew, and has been interpreted to be a fundamental feature of supragranular cortical organization (Lund et al., 1993) . Thus, in supragranular visual cortex the areal relationship between axonal input and dendritic fields of recipient neurons may be governed by intrinsic connections. There are no patchy intrinsic connections in layer IV barrel cortex (Bernardo et al., 1990) . Furthermore, the topology in barrel cortex appears to be determined by thalamocortical afferent projection (see Jeanmonod et al., 1977; Van der Loos and Dorf l, 1978; Andres and Van der Loos, 1985; Welker and Van der Loos, 1986; Woolsey, 1990; Schlaggar and O'Leary, 1991) . Therefore the factors which ultimately determine the areal relationship between axonal projection and dendritic fields of presumptive recipient neurons appear to be different for the two systems.
A concept of the degree of connectional diversity needs to take account of the degree of dendritic field conformity to the boundaries of the modules defined by the afferent (thalamocortical or corticocortical) arborizations. Dendritic bias has been described in previous studies of the barrel fields (Woolsey et al., 1975; Simons and Woolsey, 1984; Greenough and Chang, 1988) . Our work shows that whilst some neurons show a high degree of dendritic bias other neurons have dendrites that spread into neighbouring barrels. This is most evident in the ALBSF (see Figs 2 and 3) . Dendritic bias has also been demonstrated in blobs in primate visual cortex. For example, Malach (1992) documented that 43% of pyramidal neurons in macaque blobs showed a bias away from the blob borders, with a few neurons having a remarkably high bias. Hübener and Bolz (1992) reported that two-thirds of cells whose cell bodies were located within 30 µm of the blob and inter-blob borders in macaque showed a bias away from the borders. Importantly, in both blobs of the visual cortex and barrels, many neurons have dendrites that traverse the borders of the modules.
